A fractal absorber based on a metamaterial configuration is proposed for dual-frequency operation within the UHF band. The miniaturization skills of the proposed fractal shape are used to design a dual-band metamaterial absorber cell with reduced size (<λ/2 at the two operating frequencies) and a very thin substrate thickness ( λ/100). A metamaterial absorber panel is realized and experimentally validated. Good agreements between full-wave simulations and measurement results are demonstrated.
Introduction
Electromagnetic absorbers are usually adopted to reduce unwanted reflections of an impinging wave within a prescribed frequency band. Several types of electromagnetic absorbers have been developed in literature [1] [2] [3] for various applications throughout the electromagnetic spectrum. Among the above designs, metamaterial absorbers (MAs) have been proposed in Reference [2] as giving small-volume and low-cost absorbing structures. They are composed of a set of periodic resonant metallic patches on a grounded dielectric layer. MAs can be properly synthesized to perform ideal absorption in the neighborhood of a given frequency. Since their first presentation [2] , MAs have been employed in various applications [3] , such as electromagnetic interferences reduction, multi-path mitigation of indoor RF-applications, and electromagnetic compatibility enhancement of electronics devices. Recently, MAs have been also proposed to operate at low microwave frequencies, usually requiring much more cumbersome absorption structures. In particular, some MA configurations have been designed in References [4] [5] [6] [7] [8] to improve the robustness of RFID systems working in the Ultra High Frequency (UHF) range.
In this paper, an ultra-thin fractal MA cell, first illustrated by the authors in Reference [9] , is presented for dual-band operation within the UHF range. Even if other dual-band/multi-band MA configurations can be found in literature [10] [11] [12] [13] [14] [15] [16] [17] , this is the first example working at UHF frequencies.
Unlike other multi-band MAs [10] [11] [12] [13] [14] [15] [16] [17] , the proposed fractal MA-cell allows to achieve closer absorbing peaks. Furthermore, the adopted single-layer structure offers reduced thickness ( λ/107) and very small unit cells ( 0.4λ), with λ being the free-space wavelength at the smaller resonant frequency. In order to provide a preliminary experimental validation of the proposed absorber configuration, a MA panel operating within the UHF-band is tested. Very low reflection coefficient values (≤−22 dB) are detected, under normal incidence, at both operating frequencies, thus providing very high absorption rates (≥99%) in dual-band operation.
Dual-Frequency Fractal Unit Cell
The dual-band MA structure proposed in this paper is illustrated in Figure 1 , where the black fill part is a conductor (35 µm-thick copper). It consists of fractal cells periodically distributed and
The dual-band MA structure proposed in this paper is illustrated in Figure 1 , where the black fill part is a conductor (35 µm-thick copper). It consists of fractal cells periodically distributed and printed on a thin grounded dielectric layer ( Figure 1 ). The MA-unit cell is composed of two alternately arranged couple of Minkowski patches (Figure 1 ), each one synthesized to work in the neighborhood of a specific resonant frequency. The proposed MA structure is backed by a metallic sheet (i.e., the ground plane in Figure 1 ). For this reason, there is no transmission through the absorber panel, so we only need the MA reflection response (Γ) to correctly compute the absorption (i.e., A = 1 − |Γ| 2 ) of the proposed structure. The Minkowski fractal geometry, yet proposed by the authors in Reference [7] for designing a single-frequency UHF MA-cell, is composed by a starting L × L square element, which is properly changed by eliminating a smaller SL × SL square from the center of its sides. S is the scaling factor, varying from 0 up to 1/3.
The above fractal configuration allows to host an electrically longer resonator into a smaller unit cell [18, 19] , thus offering very appealing miniaturization skills. As a matter of the fact, the combined use of a smaller patch length L and a greater S-value allows to move down the patch resonance frequency, f0. This last parameter, in fact, is inversely proportional to the effective side length L eff of the patch (i.e., f0 ∼ 1/L eff ), which is approximately equal to L eff = (1 + 2S) L [8] . So, the longer the effective fractal side is, the smaller the resonant frequency will be. Furthermore, in order to realize the perfect absorption condition at the desired resonant frequency f0, both degrees of freedom of the adopted Minkowski shape, i.e., the length L and the inset size SL, can be exploited. In other words, the fractal sizes must be chosen to match the MA unit cell impedance, Zcell, with the free-space impedance ξ0= 377 Ω, in correspondence of the design frequency f0 (i.e., |Γ( f0)|=
with Γ the reflection coefficient of the unit cell, see Figure 2a ).
As demonstrated in the following, the proposed two-degree-of-freedom design technique simplifies the synthesis of a perfect MA-cell, giving simultaneous absorption and resonance conditions at the desired frequency, by tuning both fractal parameters L and S. Furthermore, the proposed geometry can be easily scaled to operate at different frequencies.
A test case demonstrating the above considerations is illustrated in Figure 2a . It represents the simulated reflection coefficient of a set of 868 MHz fractal MA cells, with progressively reduced sizes D, ranging from 0.3λ down to 0.15λ, with λ being the free-space wavelength. A commercial full-wave code is adopted (i.e., Ansoft Designer) by imposing the infinite periodic array boundary conditions. The Minkowski fractal geometry, yet proposed by the authors in Reference [7] for designing a single-frequency UHF MA-cell, is composed by a starting L × L square element, which is properly changed by eliminating a smaller SL × SL square from the center of its sides. S is the scaling factor, varying from 0 up to 1/3.
The above fractal configuration allows to host an electrically longer resonator into a smaller unit cell [18, 19] , thus offering very appealing miniaturization skills. As a matter of the fact, the combined use of a smaller patch length L and a greater S-value allows to move down the patch resonance frequency, f 0 . This last parameter, in fact, is inversely proportional to the effective side length L eff of the patch (i.e., f 0~1 /L eff ), which is approximately equal to L eff = (1 + 2S) L [8] . So, the longer the effective fractal side is, the smaller the resonant frequency will be. Furthermore, in order to realize the perfect absorption condition at the desired resonant frequency f 0 , both degrees of freedom of the adopted Minkowski shape, i.e., the length L and the inset size SL, can be exploited. In other words, the fractal sizes must be chosen to match the MA unit cell impedance, Z cell , with the free-space
A test case demonstrating the above considerations is illustrated in Figure 2a . It represents the simulated reflection coefficient of a set of 868 MHz fractal MA cells, with progressively reduced sizes D, ranging from 0.3λ down to 0.15λ, with λ being the free-space wavelength. A commercial full-wave code is adopted (i.e., Ansoft Designer) by imposing the infinite periodic array boundary conditions. Results reported in Figure 2 show that a proper tuning of parameters L and S is able to guarantee an ideal absorption condition in all considered cases (i.e., |Γ(f 0 )| 0, namely A(f 0 ) > 99% at f 0 = 868 MHz, with A(f ) = 1 − |Γ(f )| 2 ). In fact, even if the use of cell size D of reduced dimension forces smaller patch lengths L (Figure 2a ), the use of greater values for the scaling parameter S allows to have a patch with an increased electrical length, thus giving a downshift of the resonance condition with respect to the desired working frequency f 0 = 868MHz (Figure 2a ). From a physical point of view, the above behavior can be justified by the fact that the current path on the fractal patch is bent in correspondence of the inset SL (see Figure 3 ), thus the actual resonance length of the patch results to be lengthened by the SL notch.
conventional square-shaped MA cell, printed on the same substrate (see Figure 2b ).
Moreover, Figure 2b illustrates how the reflection coefficient Γ(f0) of the unit cell relative to the square-shaped MAs increases when a smaller unit cell size D is considered, thus leading to a nonoptimal absorption. This behavior is due to the fact that the synthesis of a square-based MA-cell is based on the use of only one degree of freedom, i.e., the patch length L that is commonly chosen to fix the unit-cell resonance at the design frequency f0. No degree of control over the unit cell impedance is available, which instead depends on the following preset parameters: the unit cell size D, the resonant patch dimension L, and the substrate features (i.e., thickness, dielectric constant, loss tangent). As a matter of the fact, in the case of the square-based cells depicted in Figure 2b , the use of a smaller array grid spacing leads to a larger resonant input impedance value (i.e., Re(Zcell)), mainly due to the higher capacitive coupling between adjacent patches [8, 20] that causes a progressively mismatching and a consequent reduction of MA absorption abilities (Figure 2b ). The above miniaturization capabilities are exploited in this paper to realize a dual-band feature by simply including two couples of fractal resonators in the same cell. The design process of the proposed dual-band cell follows the design rules described in Reference [8] for the case of a single resonant MA. Each fractal patch is synthesized to realize and ideal absorption, i.e., to have a matching condition between the impedances relative to the MA cell and that of free space [8] at the design frequencies f1 and f2 (i.e., |Γ(f1)| ≅ |Γ( f2)| ≅ 0). A MA unit cell, printed on a FR4 substrate (εr = 4.2, tanδ = 0.015, h = 3.2 mm), is designed by adopting the layout depicted in Figure 1 . A commercially available full-wave code, based on the infinite array condition, is applied, with an assumed normal incident plane wave (θinc = 0°). As demonstrated in Figure 4 (computed reflection coefficient of the cell), two reflection nulls are achieved (i.e., |Γ(f1)| ≅ −22 dB, |Γ( f2)| ≅ −33 dB) at the following UHF-frequencies: f1 = 878 MHz and f2 = 956 MHz. The above nulls correspond to a pair of absorption peaks, A(f1) and A(f2), greater than 99%. The synthesized MA cell is characterized by the following dimensions: (L1, S1) = (64.2 mm, 0.245), (L2, S2) = (68 mm, 0.155), D ≅ 0.4λ, where λ is the free space wavelength at the lower frequency f1. As a further analysis, good angular stability is demonstrated for both TE (Figure 4a ) and TM ( Figure 4b ) polarizations up to θinc = 60°. To this end, the reflection coefficients vs. frequency are computed for different incidence angles θinc. For the above reasons, the adopted fractal geometry allows to design more compact unit cells:
for the examples depicted in Figure 2 , a size reduction of about 63% is achieved with respect to the conventional square-shaped MA cell, printed on the same substrate (see Figure 2b ).
Moreover, Figure 2b illustrates how the reflection coefficient Γ(f 0 ) of the unit cell relative to the square-shaped MAs increases when a smaller unit cell size D is considered, thus leading to a nonoptimal absorption. This behavior is due to the fact that the synthesis of a square-based MA-cell is based on the use of only one degree of freedom, i.e., the patch length L that is commonly chosen to fix the unit-cell resonance at the design frequency f 0 . No degree of control over the unit cell impedance is available, which instead depends on the following preset parameters: the unit cell size D, the resonant patch dimension L, and the substrate features (i.e., thickness, dielectric constant, loss tangent). As a matter of the fact, in the case of the square-based cells depicted in Figure 2b , the use of a smaller array grid spacing leads to a larger resonant input impedance value (i.e., Re(Z cell )), mainly due to the higher capacitive coupling between adjacent patches [8, 20] that causes a progressively mismatching and a consequent reduction of MA absorption abilities (Figure 2b) .
The above miniaturization capabilities are exploited in this paper to realize a dual-band feature by simply including two couples of fractal resonators in the same cell. The design process of the proposed dual-band cell follows the design rules described in Reference [8] for the case of a single resonant MA. Each fractal patch is synthesized to realize and ideal absorption, i.e., to have a matching condition between the impedances relative to the MA cell and that of free space [8] at the design frequencies f 1 and f 2 (i.e., |Γ(f 1 )| |Γ(f 2 )| 0).
A MA unit cell, printed on a FR4 substrate (ε r = 4.2, tanδ = 0.015, h = 3.2 mm), is designed by adopting the layout depicted in Figure 1 . A commercially available full-wave code, based on the infinite array condition, is applied, with an assumed normal incident plane wave (θ inc = 0 • ). As demonstrated in Figure 4 (computed reflection coefficient of the cell), two reflection nulls are achieved (i.e., |Γ(f 1 )| −22 dB, |Γ(f 2 )| −33 dB) at the following UHF-frequencies: f 1 = 878 MHz and f 2 = 956 MHz. The above nulls correspond to a pair of absorption peaks, A(f 1 ) and A(f 2 ), greater than 99%. The synthesized MA cell is characterized by the following dimensions: (L 1 , S 1 ) = (64.2 mm, 0.245), (L 2 , S 2 ) = (68 mm, 0.155), D 0.4λ, where λ is the free space wavelength at the lower frequency f 1 . As a further analysis, good angular stability is demonstrated for both TE (Figure 4a ) and TM (Figure 4b ) polarizations up to θ inc = 60 • . To this end, the reflection coefficients vs. frequency are computed for different incidence angles θ inc . Figure 4 shows a little frequency shift in correspondence of the first resonance, in the case of a TM polarization. Moreover, a reflection amplitude ranging from −34 dB up to −14 dB, at f 1 (i.e., A(f 1 ) ≥ 96%), and from −32 dB up to −10.2 dB, at f 2 (i.e., A(f 2 ) ≥ 90.5%), is achieved for a TE polarized incident plane wave (Figure 4a ). On the other hand, a reflection coefficient ranging from −25 dB up to −22 dB, at f 1 (i.e., A(f 1 ) ≥ 99.4%), and from −33 dB up to −15.3 dB, at f 2 (i.e., A(f 2 ) ≥ 97%), is obtained for the TM polarization ( Figure 4b ). As demonstrated in Reference [20] , the angular stability of MA panels mainly depends on their thickness. In particular, the use of a very thin dielectric substrate, as in the case of the proposed MA configuration, is able to reduce the incidence angle effect [20] .
In conclusion, the proposed fractal MA-cell offers reduced thickness ( λ/100) and small unit cells ( 0.4λ) at both operating frequencies, with respect to the most existing dual-band MA configurations (see Table 1 ). Moreover, it allows to achieve very close absorbing peaks by virtue of combining two distinct pairs of resonators both characterized by two degrees of freedom (i.e., the fractal sizes (L i , S i ) −i = 1, 2, see Figure 1 ). In fact, the latter can be specifically tuned to obtain very close resonance lengths (i.e., L eff i = (1 + 2S i ) L i , i = 1, 2, see Figure 1 ), namely very close resonant frequencies (f i~1 /L eff i ), assuring at the same time perfect absorption at both resonant frequencies. A quick demonstration of the above statements is reported in Figure 5 , showing the design of a MA cell with closer absorption peaks. In particular, the 1 st absorption frequency is fixed to the value f 1 = 880 MHz, while the 2nd absorption frequency is shifted down from 970 MHz to 925 MHz, by changing both parameters L 2 and S 2 in order to increase the effective length L eff 2 , thus guaranteeing at the same time a well matched impendence, namely a good absorptivity (i.e., Γ(f 2 ) ≤ −25 dB ⇒ A(f 2 ) ≥ −99.6%). 
Experimental Validation
To perform a preliminary experimental validation of the proposed dual-band configuration, a 125 mm × 125 mm absorber panel, composed by 18 × 18 fractal elements, is realized and tested in the anechoic chamber of the Microwave Laboratory of the University of Calabria, which is equipped for both near-field and far-field measurements [21, 22] . For the specific application, a far-field 
To perform a preliminary experimental validation of the proposed dual-band configuration, a 125 mm × 125 mm absorber panel, composed by 18 × 18 fractal elements, is realized and tested in the anechoic chamber of the Microwave Laboratory of the University of Calabria, which is equipped for both near-field and far-field measurements [21, 22] . For the specific application, a far-field experimental setup ( Figure 6 ), including a transmitting and a receiving broadband horn antennas, is adopted to measure the reflection coefficient of the absorbing panel. Both horn antennas, connected to a vector network analyzer (VNA), are placed at a distance X from the panel satisfying the far-field condition (i.e., X > 2D 2 /λ 0 , where D is the diagonal length of the horn antennas). The horns are rotated on their own axis in order to measure the panel reflection coefficient, for incident signals in both TE and TM polarization. The reflection coefficient of the MA panel ( Figure 7) is measured under normal incidence (i.e., θ inc 0 • ). An absorptivity greater than 96% and 99.4% is demonstrated at the frequencies f 1 and f 2 , respectively, for both polarizations (Figure 7 ). Furthermore, a very good agreement is achieved between experimental and simulation data (Figure 7) , thus demonstrating the effectiveness of the proposed dual-band fractal MA to realize perfect absorption. Finally, very low sensitivity to the angular variation of the incident wave is experimentally checked for both TE and TM polarizations (Figure 7) . (Figure 6 ), including a transmitting and a receiving broadband horn antennas, is adopted to measure the reflection coefficient of the absorbing panel. Both horn antennas, connected to a vector network analyzer (VNA), are placed at a distance X from the panel satisfying the far-field condition (i.e., X > 2D 2 /λ0, where D is the diagonal length of the horn antennas). The horns are rotated on their own axis in order to measure the panel reflection coefficient, for incident signals in both TE and TM polarization. The reflection coefficient of the MA panel ( Figure 7) is measured under normal incidence (i.e., θinc ≅ 0°). An absorptivity greater than 96% and 99.4% is demonstrated at the frequencies f1 and f2, respectively, for both polarizations (Figure 7 ). Furthermore, a very good agreement is achieved between experimental and simulation data (Figure 7) , thus demonstrating the effectiveness of the proposed dual-band fractal MA to realize perfect absorption. Finally, very low sensitivity to the angular variation of the incident wave is experimentally checked for both TE and TM polarizations (Figure 7 ). 
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